Summary Background This phase I/II study determined the maximal tolerable dose, dose limiting toxicities, antitumor activity, the pharmacokinetics and pharmacodynamics of ruthenium compound NAMI-A in combination with gemcitabine in Non-Small Cell Lung Cancer patients after first line treatment. Methods Initial dose escalation of NAMI-A was performed in a 28 day cycle: NAMI-A as a 3 h infusion through a port-a-cath at a starting dose of 300 mg/ m 2 at day 1, 8 and 15, in combination with gemcitabine 1,000 mg/m 2 at days 2, 9 and 16. Subsequently, dose escalation of NAMI-A in a 21 day schedule was explored. At the maximal tolerable dose level of this schedule an expansion group was enrolled of which 15 patients were evaluable for response. Results Due to frequent neutropenic dose interruptions in the third week, the 28 day schedule was amended into a 21 day schedule. The maximal tolerable dose was 300 and 450 mg/m 2 of NAMI-A (21 day schedule). Main adverse events consisted of neutropenia, anemia, elevated liver development of resistance. [1] [2] [3] [4] [5] This has encouraged the search for new metal-based anti-cancer drugs with increased efficacy besides a more favorable toxicity profile and with the aim to overcome platinum resistance. [6] [7] [8] For the past decades, ruthenium (Ru), a transition metal of group 8 of the periodic table, has been considered an attractive candidate for this purpose, [9] [10] [11] because of some unique biochemical properties that theoretically might apply to ruthenium derived anti-cancer drugs when used in the human setting.
1)
Transferrin transport: By mimicking iron, ruthenium can bind to serum transferrin and albumin, which are proteins involved in the solubilization and transport of iron in plasma [12] [13] [14] [15] and uptake and accumulation of ruthenium complexes is believed to be enhanced especially in tumor masses [16] . 2) Activation by reduction: ruthenium complexes could be considered pro-drugs: in the relative inert +3 oxidation state (Ru(III)) they are supposed to circulate almost intact in the blood, until they are reduced to the more reactive +2 oxidation state. [17] In tumor tissue, due to the more reducing environment, re-oxidation of Ru(II) to Ru(III) is less likely to occur, thus leading to an accumulation of active species. [13, 17] This would not only imply selective efficacy, but also selective toxicity [12, 13, 18] . 3) Slow ligand exchange kinetics: most administered metal drugs undergo spontaneous modifications prior to reaching the target (typically, some ligands are released) and therefore ligand exchange kinetics in ruthenium compounds is an important factor. Similar to platinum drugs, the ligand exchange kinetics is relatively slow (in the range of minutes to days, instead of microseconds to seconds) contributing to their general inertness and preventing rapid equilibration reactions [4, [19] [20] [21] . 4) DNA binding: although both platinum and ruthenium compounds bind to DNA, the binding mode differs substantially [13, 19, [22] [23] [24] . Despite intensive research, it still remains to be elucidated to what extend DNA binding is responsible for their mechanism of action [22] .
NAMI-A
Imidazolium-trans-tetrachloro(dimethylsulfoxide) imidazoleruthenium(III) (C 8 H 15 C l4 N 4 ORu(S) or NAMI-A (acronym for Novel Anti-tumor Metastasis Inhibitor A) is the first ruthenium derived anti-cancer drug to have entered clinical evaluation [25] . NAMI-A is an imidazolium salt (replacement of Na + by ImH + ) of the earlier developed NAMI (Na[transRuCl 4 (DMSO)-(Im)]; NAMI-A is a non-hygroscopic compound with improved stability in solid state and good water solubility.
Properties, effects and proposed mechanisms of action of NAMI-A include the following:
Metastasis control: a) limiting actin dependent adhesion in vitro [26, 27] ; b) limiting in vitro tumor cell motility by cytoskeleton remodeling: activation of collagen receptor integrin β1 on the cell surface results in RhoA activation and subsequently to rearrangement of the cytoskeleton in vitro. [23, [26] [27] [28] ; c) anti-invasive effect in vitro and in vivo by promoting capsule formation: NAMI-A increases the extracellular matrix around tumor cells and tumor vasculature by triggering fibrotic reactions, regulates TGFβ1 expression, binds to collagen and stimulates collagen production. [29] [30] [31] [32] [33] ; d) anti-angiogenic effect (e.g. NAMI-A inhibits in vitro the angiogenic effect induced by vascular endothelial growth factor [VEGF]) [34, 35] ;
It transiently blocks cell cycle progression in vitro at G 2 M phase. [30, 36, 37] The mechanism might be activation of Chk1, resulting in inhibition of CDC25 and subsequently in inactive phosphorylated CDC2 thereby preventing mitotic entry [23] .;
In vitro it inhibits the mitogen-activated protein kinase/ extracellular signal-regulated kinase (MAPK/ERK) signaling pathway and c-myc transcription [31, 38, 39] ; DNA binding: although intrastrand adduct formation of NAMI-A is significantly less than of cisplatin, Ru-G and Ru-AG intrastrand adducts were observed in vitro. [40] The AG:CG adduct ratio was four times higher for NAMI-A compared to cisplatin. NAMI-A sporadically forms interstrand crosslinks, whereas the formation of DNA protein crosslinks is comparable to cisplatin [41] . Although the cytotoxic effect of NAMI-A (contrary to cisplatin) is not remarkable (on average 1,053 times less than cisplatin) [30, 36, 42] , the cytotoxicity has been found to be correlated with DNA binding (which is also the case for cisplatin) [40] .
Phase I study with NAMI-A in a monotherapy schedule Prior to the study described in this article, a phase I study was performed with NAMI-A as a single agent given as an infusion over 3 h daily for 5 consecutive days every 3 weeks in patients with different types of solid tumors (including colorectal cancer, non-small cell lung cancer (NSCLC), melanoma, ovarian cancer, pancreatic cancer and mesothelioma). In total 24 patients were treated at 12 different dose levels (2.4 -500 mg/m 2 /day). The advised dose for further testing was 300 mg/m 2 /day. Adverse events included only mild hematologic toxicity, quite disabling nausea, vomiting, and diarrhea, and furthermore stomatitis, fatigue, common toxicity criteria (CTC) grade 1 and 2 creatinine increase, fever and sensitivity reactions to NAMI-A. Finally, phlebitis at the infusion site was observed when NAMI-A was administered intravenously without port-a-cath(PAC). Painful blister formation on hands, fingers and toes, although no part of the formal CTC was considered dose limiting. Twenty out of 24 patients were evaluable for response evaluation. One patient (4 %) with NSCLC experienced stable disease for 21 weeks, 19 patients (79 %) showed disease progression.
Phase I/II study with NAMI-A and gemcitabine in non-small cell lung cancer patients Impressive pre-clinical results were observed with NAMI-A in lung tumor mouse models in which NAMI-A was especially active against tumor metastases and reduction of lung metastases was followed by increased life-expectancy. [36, [43] [44] [45] [46] Based on the clinical results of gemcitabine in combination with platinum containing regimens in NSCLC patients, preclinical mouse studies with intravenously administered NAMI-A and gemcitabine were performed (data on file). Based on these promising preclinical results this clinical phase I study with NAMI-A and gemcitabine in NSCLC patients was initiated.
Methods

Patient selection
Patients were ≥18 years of age with confirmed histologic diagnosis of advanced NSCLC and previously treated with platinum containing therapy (i.e. cisplatin or carboplatin). All patients had an Eastern Cooperative Oncology Group performance status (ECOG-PS) of ≤2, evaluable or measurable disease according to Response Evaluation Criteria In Solid Tumors (RECIST, version 1.0) [47] , a life expectancy of ≥16 weeks, adequate hepatic function defined as alanine transaminase (ALT) and aspartate aminotransferase (AST) ≤2 upper limit of normal (ULN) (≤5 times ULN in case of liver metastases), adequate renal function defined as creatinine clearance (estimated using the formula of Cockcroft and Gault) ≥50 mL/min.
Treatment plan and study design
This phase I, open label, non-randomized, dose escalation study was performed at the Netherlands Cancer Institute (NKI) in Amsterdam, the Netherlands. The study received approval of the institutional medical ethical review boards and was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice. Written informed consent (IC) was given by all patients prior to inclusion in the study.
Initial dose escalation, in a traditional 3+3 design [48] , was performed with NAMI-A administered as a 3 h infusion through a port-a cath at a starting dose of 300 mg/m 2 at day Preparation of NAMI-A was consistent with the phase I study (NAMI-A monotherapy) [25] .
Safety and assessments
Demographic data and medical history were collected during screening. Physical examination, vital signs and other safety assessments (ECOG-PS, registration of concomitant medication, hematology/biochemistry, urine analysis) were performed at baseline and throughout treatment: day 1, 8, 15-and 22 in the 28 day cycle-of every cycle. (During the study, based on toxicity results, the protocol was amended and the schedule changed from a 28 to 21 day cycle.)
The incidence and severity of adverse events (AEs) were evaluated and coded according to the National Cancer Institute Common Terminology Criteria (CTC) version 3.0. [49] DLT definition included: 1) any grade 3 or higher hematological or non-hematological toxicity considered to be directly related to the study drug, 2) any repeated grade 2 hematological or non-hematological toxicity considered to be directly related to the study drug and requiring dose reduction, and 3) failure to administer >75 % of the planned dosage of the study drug during cycle one as a result of treatment-related toxicity.
In case of toxicity or DLT, treatment was postponed for 1 week until recovery to CTC grade ≤1. Re-administration of study treatment occurred at a reduced dose level.
Because painful thrombophlebitis with scar formation was a known adverse event in the previously conducted phase I study with NAMI-A administered as a single agent, [25] and because the first patient in this study also developed phlebitis while NAMI-A was administered as a peripheral infusion, all additional patients in this study received NAMI-A by infusion through a port-a-cath. After a few patients were treated with antithrombotic therapy for thrombosis, it was decided (from patient 18 onwards) that all patients would receive prophylactically Fraxodi® low molecular weight heparin (LMWH) 0.3 mL daily (containing 19,000 IU anti-Xa/mL) as a subcutaneous injection.
Pharmacokinetics/pharmacodynamics
Regular blood sampling was performed to assess the pharmacokinetics of NAMI-A and gemcitabine. For NAMI-A pharmacokinetic analysis blood samples of 4 mL venous blood were collected in sodium-heparin tubes on day 1 at pre-dose, 1.5 h after start of infusion, end of infusion (EOI), EOI + 15 min, EOI +30 min, 4, 6 and 8, 24 and 48 h after start of infusion. Plasma was obtained by immediate centrifugation (10 min at 4°C, 1,500g). Part of the plasma was transferred directly to a Centrifree® UF device with an Ultracel YM-T membrane filter with 30,000 Da molecular weight cut off (MWCO) (Millipore® Ireland Ltd, Co.Cork, Ireland) and centrifuged for 30 min at room temperature (RT) 1,500g. The resulting plasma ultrafiltrate (pUF), representing the non-protein bound Ru fraction, and the plasma representing the total Ru concentration, were stored at −80°C until analysis. Total and unbound Ru were determined using a validated Zeeman atomic absorption spectrometry method. Graphite furnace atomic absorption spectrometry (GF-AAS) with Zeeman correction actually measures ruthenium, but with the use of NAMI-A calibration curves the concentrations of total and unbound Ru concentrations are presented as NAMI-A levels in plasma and ultrafiltrates, respectively [50] .
To analyze plasma concentrations of gemcitabine (2′,2′-difluorodeoxycytidine, dFdC) and metabolite 2′,2′-difluorodeoxyuridine (dFdU), blood samples of 4 mL venous blood were collected in sodium-heparin tubes on day 1 at predose, EOI, EOI +30 min, 2, 4, and 6 h after EOI, and 24 h after start of infusion). Immediately after sampling, blood was transferred to propylene tubes containing 0.03 mL Calbiochem® tetrahydrouridine (THU), a potent competitive inhibitor of CDA. Plasma was obtained by immediate centrifugation (5 min; 1,600x g). Analytes were quantified using validated liquid chromatography tandem mass spectrometry (LC-MS/MS) [51] .
Intracellular levels of gemcitabine triphosphate (dFdC-TP), the active metabolite of gemcitabine, were determined by LCMS/MS in peripheral blood mononuclear cells (PBMCs), which were isolated from venous blood samples collected in 4 mL sodium-heparin tubes on day 1 at pre-dose, EOI, EOI + 2 h according to a method previously described. [52] In short, buffy coats were collected from whole blood, and PBMC's were separated using Ficoll-Paque™ PLUS density gradient (GE Health Care Life Sciences, UK). A volume of 10 μL of cell suspension was used for the analysis of protein concentrations. The remainder of the cell suspension was used for protein precipitation by HClO 4 and extraction of the acid soluble dFdCTP. The amount of protein was used for the calculation of dFdCTP concentration in nanograms per milligram of protein.
Tumor response
Radiological disease assessments were performed by computed tomography (CT) scan or magnetic resonance imaging (MRI) at baseline and every 2 cycles, i.e. every 8 or 6 weeks. Tumor response was evaluated using RECIST 1.0. [53] Although CTscans were performed in all patients to evaluate response to treatment, per protocol, anti-tumor activity assessment was limited to patients in the expansion cohort (in which patients were treated with the MTD of NAMI-A plus gemcitabine). In the dose expansion cohort 15 patients were required with tumors that could be evaluated by Response Evaluation Criteria In Solid Tumors (RECIST) version 1.0. Patients with tumors that could not be evaluated according to the RECIST criteria were declared not evaluable for response evaluation.
Statistical analyses
The primary endpoint of the phase I part of the study was to establish the optimal dose of the combination of NAMI-A and gemcitabine for second line treatment of NSCLC. Secondary objective was to assess the pharmacokinetic profile of the combination of NAMI-A and gemcitabine and measuring the active gemcitabine metabolite dFdC-TP concentrations in PBMCs.
The primary endpoint of the phase II part of the study was to assess the antitumor activity and secondary endpoints were the safety, DLT and MTD of NAMI-A in combination with gemcitabine in patients with NSCLC after first line treatment.
The study is a phase I dose escalation study followed by a dose expansion with a Simon two-stage design with a stopping rule [54] , implicating that the first (phase I) stage of the study was designed to establish the best tolerated dose of the treatment combination in both the 21 and 28 day schedules, while in the second (phase II) stage patients were treated with the MTD defined in the first stage in order to collect activity data and additional information about the toxicity profile. The second stage, consisted of an initial 15 patients treated at the MTD. Based on response, the cohort could be expanded with 12 additional patients to a total of 27 patients. Expansion would occur in case of at least 1 response at the MTD cohort (activity of 5 % or more). Prior to the study a cutoff point of at least 15 % response rate in the second stage of the study obtained with this treatment administered at the MTD (in a group of 27 patients) was considered mandatory to consider this treatment of interest for further use: with 3 or less responses the treatment would be declared of insufficient activity, while with 4 or more responses the study would be declared of sufficient activity. This design has 80 % power to retain the treatment as active if the response rate associated with this treatment would be 20 % or more. Simon's minimax design has been used with parameters p 0 = 0.05, p 1 =0.20, alpha=0.05 and beta=0.20.
Results
Patients
A total of 32 patients were included in the study. One patient included in the 450 mg/m 2 NAMI-A and gemcitabine 28 day dose escalation cohort never initiated study treatment, and was replaced. This patient was not included in any of the analyses. Patient characteristics are presented in Table 1 . Median age of the patients was 57 years (range . The majority of patients had received 1 line of previous therapy (68 %) prior to the study and all patients had an ECOG-PS of 0 or 1. A total of 31 cycles were administered. The number of patients per dose level and the number of cycles administered are summarized in Table 2 .
Safety
Thirty-one patients were evaluable for toxicity. The main treatment related adverse events per patient are presented in Table 3 . In the highest dose level with 600 mg/m 2 of NAMI-A, and gemcitabine administered as a 21 day cycle neutropenia grade 3 was observed in all three patients and reason for dose holds in the second week. These toxicities fulfilled the DLT criteria. In the lower 450 mg/m 2 dose level of NAMI-A with gemcitabine given in a 28 day schedule, neutropenia was also frequently observed and reason for dose interruptions, especially in the third week. This observation was reason for an amended 21 day study schedule. Neutropenic dose interruptions were DLTs in the 450 mg/m 2 of NAMI-A with gemcitabine 28 day schedule that declared 300 mg/m 2 of NAMI-A with gemcitabine the MTD for the 28 day schedule, and in the 600 mg/m 2 of NAMI-A with gemcitabine 21 day schedule that declared the 450 mg/m 2 21 day schedule the MTD.
Overall, mild clinically significant hematologic toxicity occurred, mainly consisting of neutropenia (grade 2-4) and anemia (grade 2-4). Neutropenia grade 2-4 resulted in dose interruptions and dose reductions (and mostly occurred in the 600 mg/m 2 of NAMI-Awith gemcitabine 21 day schedule and 450 mg/m 2 of NAMI-A with gemcitabine 28 day schedule). The main non-hematological adverse events consisted of nausea or vomiting, constipation, diarrhea, transient creatinine elevation, elevated liver enzymes, and fatigue. Creatinine increase occurred in four patients (1 of 4 patients experienced a CTC grade 3 creatinine increase), all occurred at the 450 mg/ m 2 of NAMI-A dose levels and the increase was transient in all patients. Only in the patient with grade 3 creatinine increase short hydration was necessary. ALT and AST elevations were reason for frequent dose holds and dose reductions. Blister formation on the fingers was observed in one patient at the highest dose level consisting of 600 mg/m 2 of NAMI-A and gemcitabine in a 21 day schedule.
In order to avoid phlebitis at the site of NAMI-A infusion, administration occurred by PAC in all but one patient (the first patient). Nevertheless, a significant number of patients experienced vascular/PAC related events: 2 patients with CTC grade 2 and 5 patients with CTC grade 3 ( Table 3 ). Despite the fact that after the third patient encountering a vascular/ PAC related event prophylactic use of LMWH was initiated in all patients, 4 additional patients still experienced vascular/ PAC events. In all patients the vascular/PAC problems Table 3 , but observed in a significant number of patients, were transient flushing after the NAMI-A infusion, the remarkable sudden and simultaneous onset of vomiting and diarrhea, and transient change in color of urine a few hours after the NAMI-A infusion. In contrast to urine discoloration observed with KP1339 (the more soluble sodium salt of K1019), where greenish urine discoloration was observed, the color of urine turned reddish, orange and pink after NAMI-A infusion [55] .
Anti-tumor activity Anti-tumor activity was evaluated in patients in the phase II expansion cohort. In total 19 patients needed to be included to have 15 patients evaluable for response evaluation according to RECIST. [56] Four patients were not considered evaluable for response. One patient died of acute heart failure, not related to the study drugs, a week after having received one dose of both drugs. Two patients went off study prior to the first tumor evaluation due to (transients) creatinine elevation, and one patient had no tumor that was evaluable by RECIST. Of the 15 patients, 9 (60 %) experienced stable disease (SD) as best response. The other 6 (40 %) showed progressive disease (PD) after the first tumor evaluation.
In all patients that participated in the study (i.e. patients included in the phase I and II part) anti-tumor activity was observed in 15 (56 %) out of 27 patients evaluable for response, consisting of partial remission (PR) in 1 patient (4 %) and stable disease for at least 6-8 weeks in 10 patients (37 %). The patient with PR was treated at the 300 mg/m 2 dose level of NAMI-A in the 21 day schedule. (See also Table 4 ).
Pharmacokinetics and pharmacodynamics
Blood samples for the measurement of total and unbound ultrafiltrable ruthenium, dFdC, dFdU, and dFdC-TP in PBMCs were obtained in all patients.
Figures 1a and b represent the plasma concentration time curves of total ruthenium in plasma and ultrafiltrate respectively during cycle 1 in patients receiving 300, 450 and 600 mg/m 2 of NAMI-A (also for additional parameters). AUC 0-48 h of bound and unbound NAMI-A was proportional to dose. Mean plasma clearance (Cl) of total and unbound NAMI-A overall dose levels was 0.31 and 64.6 L/h respectively, and the mean terminal half life over all dose levels was 61.9 and 14.1 h respectively (see Table 5 for parameters of each individual dose level). These data are all in line with the results reported in the phase I single agent study with NAMI-A [25] .
Gemcitabine (dFdC) and metabolite dFdU timeconcentration curves and parameters are presented in Fig. 2 and Table 6 . Gemcitabine pharmacokinetics is not altered by co-administration of NAMI-A the previous day.
Active gemcitabine metabolite dFdC-TP concentrationtime curves of the individual patients (n=28) measured in PBMC lysates as dFdC-TP concentrations in ng per mg of protein are presented in Fig. 3 and show a wide variability. Although sparse sampling has been performed (pre-dose, EOI +30 min, 2 h after start), mean C max of 2,500 ng dFdC-TP in PBMC lysate per mg of protein occurred after approximately 1 h, and lower values were found after 2 h. Overall, all values are higher than expected. Since the dFC-TP values are correlated to the protein fraction (amount of dFdC-TP is expressed per amount of protein), low protein values will directly result in high dFdCTP values. The reason for the wide variability Patients that participated in the dose escalation part were also included in the expansion cohort. Fifteen out of 19 patients had tumors that were evaluable according to the RECIST criteria NAMI-A administration infusion through a port-a-cath was followed by intravenous gemcitabine administration in 30 min the next day. The gemcitabine dose was fixed at 1,000 mg/m 2 . In the 28 day schedule NAMI-A was administered on day 1, 8 and 15, and gemcitabine on day 2, 9 and 16. In the 21 day schedule NAMI-A was administered on day 1, and 8, and gemcitabine on day 2 and 9 with many low values in the protein values is unclear at present. One option that should be investigated is loss of cells due to clotting during the preparation process. Clotting might be caused by processing the samples at low temperature and/ or the use of ice cold phosphate buffered saline (PBS) and cold Ficoll-Paque™ PLUS. Varying the temperature has resulted in better protein levels (data on file) but should be looked into deeper. A reason in the processing is at this stage considered most likely, especially since plasma concentrations of dFdC and dFdU seem to be in the expected range.
Discussion
The criteria for expansion based on the obtained efficacy results were not met in the second stage of the study. Although one patient in the dose escalation part of the study experienced a PR (300 mg/m 2 of NAMI-A 21 day schedule), no patients treated at the MTD in the expansion phase II part of the study experienced PR as a best response. In the extension cohort, at least one patient with a response was required to expand the cohort to 27 patients. As per protocol, the expansion with an Obstruction PAC 4 (13 %) Grade 2 2 (11 %) 2 (6 %) Grade 3 2 (11 %) 2 (6 %) Allergic reactions to chemotherapy Allergic reaction to gemcitabine 2 (6 %)
AEs that were clinically significant have been presented in this overview To assess anti-tumor activity of the combination NAMI-A and gemcitabine in non-small cell lung cancer (NSCLC) patients, response evaluation was limited to the phase II dose expansion cohort, in which patients were treated with the maximal tolerable dose (MTD) established in the phase I part of the study: 450 mg/m 2 NAMI-A and 1,000 mg/m 2 gemcitabine administered in a 21 day schedule. The table contains the tumor responses of all patients (phase I and phase II) additional 12 patients was therefore not performed and the treatment is declared to be insufficiently effective for further use. Overall, the efficacy was lower than could be expected of a treatment with gemcitabine alone. Addition of NAMI-A, based on preclinical results, was expected to be in favor of the combination NAMI-A/gemcitabine compared to gemcitabine Maximal concentration (C max ), elimination half-life (T 1/2 ), area under the curve (AUC), clearance (Cl) and volume of distribution (V) at different dose levels for total NAMI-A in plasma and unbound NAMI-A in ultrafiltrates as a single agent. However this was not observed in this study. Preclinically, NAMI-A has an optimal dose at which it gives the best antitumor response. That dose is not the maximum tolerated dose, but at which the ratio between the active compound and the inactive species into which it decomposes is in favor of the second. This fact might contribute to the lack of activity observed in this study. However, in the phase I study with NAMI-A as a single agent the efficacy was not very impressive either and combination with gemcitabine did not manage to improve this. The underlying mechanism for the reason that the encountered efficacy was less than expected with gemcitabine monotherapy remains unclear.
One patient in the dose escalation part (450 mg/m2 of NAMI-A 28 day schedule) experienced an unconfirmed PR with significant regression of lung lesions, however brain metastases increased. This is line with the assumption that NAMI-A does not cross the blood brain barrier [57] .
The concept of ruthenium and other non-platinum metal anticancer drugs has intrigued scientists for over 25 years. NAMI-A is a ruthenium compound that has been extensively studied in the preclinic and showed very promising antimetastatic results in several mouse models. [58] Activity was especially detected against metastases and more prominent than the effect on the primary tumor. [46] Connective tissue formation around tumor metastases was observed and considered to be an important explanation for the effect of NAMI-A. [33] Furthermore, NAMI-A exhibited preclinically a mild toxicity profile, superior to cisplatin, and was well tolerated by beagle dogs and mice [57, 59] .
Successful pharmaceutical formulation enabled to apply NAMI-A in the clinic: although NAMI-A is stable in solid state, in solution the compound degrades rapidly upon increasing the pH (relative stability with an estimated loss of 2 % per hour is observed at pH 2-5) and hydrolysis of two chlorides from NAMI-A occurs within minutes at pH 7.4. A lyophilized formulation proved to be most suitable for parenteral use in the clinic. [60] [61] [62] [63] [64] Fluid prepared for infusion is stable for 3.5 h at room temperature when protected from light [25] .
A phase I study with NAMI-A monotherapy given intravenously (as a 3 h peripheral infusion) for 5 consecutive days in a 21 day schedule showed blister formation on hands, fingers and toes to be DLTs. The MTD for this schedule was defined at 300 mg/m 2 /day. Other main AEs included peripheral phlebitis at the infusion site, sensitivity reactions to NAMI-A, significantly disabling nausea and vomiting, diarrhea, grade 1 and 2 renal dysfunction (defined as increased creatinine levels) and fever. A pre-and post-hydration schedule was used to minimize nephrotoxicity. A linear relationship between dose and AUC was observed for total and unbound ruthenium, and the t 1/2 was 50 h (±19 h).
The toxicity profile of NAMI-A in combination with gemcitabine in this study is consistent with the single agent phase I study, with nausea, vomiting and diarrhea being the most prominent AEs. Transient nephrotoxicity (grade 3 creatinine elevation without ultrasound abnormalities) was observed in 4 patients and the reason to discontinue study treatment in 3 patients. Preclinically, accumulation of NAMI-A has been observed in collagen rich tissue (e.g. lungs), liver but also kidney, and nephrotoxicity was observed with increased creatinine, and histological lesions of glomeruli and tubuli of mice, which fully recovered within 15-30 days [32, 57, [65] [66] [67] .
Fatigue 2-3 was also commonly observed, and in combination with the disabling nausea/vomiting and diarrhea, which often happened to occur simultaneously and with a sudden onset, this resulted in many patients experiencing the study as very exhausting and conflicting with the quality of life (QoL). AEs were scored by CTC grade and no QoL questionnaires were collected, which probably has underestimated the impact of the study on patients in the official study results, but is generally confirmed by the treating physicians and all the study personnel that had regular contact with the patients. The intense study schedule, of weekly administration of chemotherapy with the gemcitabine 1 day after the administrations of NAMI-A contributed to the subjective intensity of the study. Preclinical studies with gemcitabine and NAMI-A used this schedule, and it was considered that additional preclinical studies (demonstrating the safety of applying both agents the same day in the preclinic) were needed to administer both agents on the same day (data on file). Maximal concentration (C max ), area under the curve (AUC) for gemcitabine (2′,2′-difluorodeoxycytidine, dFdC) and metabolite 2′,2′-difluorodeoxyuridine (dFdU) in plasma Elevated liver enzymes and neutropenia, which are commonly encountered adverse events with gemcitabine therapy, were also reported in this study. In the initial 28 day cycle neutropenia grade 3 often occurred in the third week leading to dose interruptions followed by the rest week. The 3 weeks on, 1 week off 28 day schedule in practice resulted in a 2 weeks on, 2 weeks off schedule. Therefore the protocol was amended into a 21 days schedule. In the 21 day 2 weeks on, 1 week off schedule the neutropenic events often coincided with the rest week and the bone marrow was generally sufficiently recovered to receive the next cycle. This schedule not only allowed intensified dosing but also allowed a higher dosing, reflected in the higher MTD (450 mg/m 2 of NAMI-A compared to 300 mg/m 2 both in combination with gemcitabine 1,000 mg/ m 2 ). In regard to elevated liver enzymes and neutropenia., the 21 day schedule is therefore considered the better, more practical, more patient friendly and therefore the preferred schedule. In regard to other encountered toxicities there no difference between the 21 and 28 day schedule was observed.
One patient with extensive experienced CTC grade 3 pneumonitis. This patient suffered from dyspnoea and rapid disease progression; both clinically and confirmed on CT scan evaluation, most likely all based on disease progression, but a partial contribution of NAMI-A could not be fully excluded. Therefore it has been included in the adverse event list as pneumonitis.
A significant number of patients experienced (multiple events of) upper extremity deep vein thrombosis (UEDTV) or PAC problems due to thrombosis or blood clot obstruction. It is unclear to what extend these events are related to NAMI-A, or if they can be fully attributed to common risk factors. Examples of well known risk factors include a PAC, immobility, cancer, advanced age, a recent transfusion, a history of thrombosis and co-morbidities like renal disease or infection. At the NKI PACs are commonly used in patients to administer chemotherapy and for blood sampling, especially when intravenous access in patients is difficult. Not all patients have metastasized disease like the patients in this study. Although no formal research has been performed, vascular/PAC events are however quite regularly encountered in the NKI, mostly in patient with risk factors. A partial effect of NAMI-A on the occurrence of vascular/PAC events in this particular group of patients seems to be possible, but further research is needed to establish the exact contribution of NAMI-A. The effect of prophylactic use of LMWH did not significantly lower the number of patients encountering vascular/PAC events. Whether this implicates a direct relationship with NAMI-A remains uncertain at this moment.
In conclusion, NAMI-A in combination with gemcitabine is only moderately tolerated according to the CTC criteria, and experienced by patients as a very intense treatment. Although NAMI-A should be considered a very elegant antimetastatic drug with a variety of mechanisms of action in the preclinic, a future role of NAMI-A as part of the arsenal of drugs available for physicians remains at present quite uncertain, due to the toxicity profile and the lack of convincing preliminary efficacy results. Nevertheless, additional trials in larger populations might be needed to be able to draw definitive conclusions, but only if a manner could be found that less toxicity and increased efficacy is to be expected.
